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Neurobiology of Disease

Sustained Interleukin-13 Overexpression Exacerbates Tau
Pathology Despite Reduced Amyloid Burden in an
Alzheimer’s Mouse Model
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Neuroinflammation is an important component of Alzheimer’s disease (AD) pathogenesis and has been implicated in neurodegenera-
tion. Interleukin-1 (IL-1), a potent inflammatory cytokine in the CNS, is chronically upregulated in human AD and believed to serve as
part of a vicious inflammatory cycle that drives AD pathology. To further understand the role of IL-18 in AD pathogenesis, we used an
inducible model of sustained IL-18 overexpression (IL-18**") developed in our laboratory. The triple transgenic mouse model of AD,
which develops plaques and tangles later in its life cycle, was bred with IL-18**" mice, and effects of IL-13 overexpression on AD
pathology were assessed in F1 progeny. After 1 and 3 months of transgene expression, we found robust increases in tau phosphorylation
despite an ~70-80% reduction in amyloid load and fourfold to sixfold increase in plaque-associated microglia, as well as evidence of
greater microglial activation at the site of inflammation. We also found evidence of increased p38 mitogen-activated protein kinase and
glycogen synthase kinase-3( activity, which are believed to contribute to tau phosphorylation. Thus, neuroinflammation regulates
amyloid and tau pathology in opposing ways, suggesting that it provides a link between amyloid accumulation and changes in tau and

raising concerns about the use of immunomodulatory therapies in AD.

Introduction

Alzheimer’s disease (AD) is the most common form of dementia
in the elderly. In addition to deposition of amyloid plaques and
neurofibrillary tangles, neuroinflammation has been recognized
as an important component of AD pathology (McGeer et al.,
1987; Griffin et al., 1989; Rogers et al., 1999; Akiyama et al., 2000;
Heneka and O’Banion, 2007), which parallels disease severity
(Sheng et al., 1997a,b). One neuroinflammatory mediator up-
regulated in AD is interleukin-1 (IL-1), a major proinflammatory
cytokine in the brain. IL-1-positive activated microglia and
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S100B-positive reactive astrocytes are closely associated with am-
yloid plaques in the human AD brain (Griffin et al., 1989), an
association recapitulated in murine AD models (Benzing et al.,
1999; Kitazawa et al., 2005). Based on the ability of IL-1 and
amyloid precursor protein (APP) to mutually regulate the ex-
pression and processing of each other in vitro, numerous studies
have suggested that IL-1 and B-amyloid (AB) participate in a
vicious cytokine cycle that, once induced, drives AD pathology
(Goldgaber et al., 1989; Gray and Patel, 1993; Sheng et al., 1996;
Barger and Harmon, 1997; Griffin et al., 1998; Meda et al., 1999;
Liao et al., 2004).

To experimentally investigate the effects of IL-1 on AD pa-
thology, our laboratory developed the first in vivo model of con-
ditional IL-1 overexpression (Shaftel et al., 2007b). This model
displays a robust neuroinflammatory phenotype with prominent
gliosis and leukocyte recruitment in the brain alongside eleva-
tions in other proinflammatory cytokines, which is mediated by
IL-1 receptor (IL-1R) type 1 (Shaftel et al., 2007a; Shaftel et al.,
2007b). We previously reported an abrogating effect of IL-18 on
amyloid burden without overt neurodegeneration in APP/
presenilin-1 (PS-1) mice, suggesting an adaptive role for IL-18 in
AD (Shaftel et al., 2007b, 2008; Matousek et al., 2012).

In the current study, our goal was to investigate the role of
sustained overexpression of IL-13 on both amyloid and tau pa-
thology in vivo. To this end, we used the triple transgenic (3xT-
gAD) murine model of AD, which harbors human mutant APP,
PS1, and TAU transgenes and develops both senile plaques and
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Figure1.  Research design and chronic neuroinflammatory phenotype in 3xTgAD/IL-18*" mice. 4, The linear construct (~10

kb) bears the murine GFAP promoter (mGFAP), a transcriptional stop signal flanked by LoxP sites, and the cDNA for hiL-183 gene
fused to the signal sequence of mature hIL-1RA (sslL-1[3). After delivery of Cre, the transcriptional stop is excised out and the
production of IL-13 is induced locally. B, 3xTgAD mice were bred to the IL-13**" mice. Fifteen-month-old 3xTgAD/IL-18**" and
control littermates of the 3xTgAD genotype from the F1 generation were given a unilateral stereotactic injection of FIV—Cre in the
subiculum. Groups of mice were killed 1and 3 months after stereotactic surgery (at 16 and 18 months of age, respectively), and glial
activation as well as amyloid and tau pathology were assessed. ¢, Murine IL-13 protein ELISA measurements. C, Contralateral; |,
ipsilateral. Data were expressed as mean picograms miL-13 per milligram protein = SEM per group and analyzed by a one-way
ANOVA test, followed by a Tukey's post hoc test. The level of mIL-13 in the ipsilateral hippocampus of 3xTgAD/IL-18*A" mice is
significantly greater than all other groups (***p << 0.0001), but the three other groups are not significantly different from each
other (n = 3-9 per group). One month after transgene activation, elevation in markers of glial activation was observed in the
ipsilateral subiculum of 3xTgAD/IL-18*" mice. D, Area fraction measurements of Iba1 immunohistochemical data. Data ex-
pressed asmean I/Cratio == SEM per group and analyzed by unpaired Student’s t test, ***p << 0.0001; n = 5-7 per group. E, Area
fraction measurements of GFAP immunohistochemical data. Data expressed as mean |/C ratio = SEM per group and analyzed by
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neurofibrillary tangles later in life (Oddo
etal.,2003). 3xTgAD mice were crossed to
IL-18™T mice, and human IL-18 (hIL-
1) expression was induced in the subic-
ulum of 15-month-old F1 progeny. After
1 or 3 months of transgene expression, we
found a 70—-80% reduction in amyloid
load in 3xTgAD/IL-18**" mice in the
subiculum, consistent with our previous
results. Interestingly, we also found two-
fold to fourfold elevated phospho-tau at
different epitopes in the hippocampus
and evidence for increased activity of gly-
cogen synthase kinase-33 (GSK3f3) and
p38 mitogen-activated protein kinase
(MAPK), both of which have been impli-
cated in tau phosphorylation (Shengetal.,
2000, 2001; Cho and Johnson, 2003; Li et
al., 2003). These data indicate that neuro-
inflammation affects amyloid and tau pa-
thology differentially in our model and
suggests that the interrelationship be-
tween amyloid and tau is complex. It also
lends credence to the idea that neuroin-
flammation can initiate tau phosphoryla-
tion as a bystander effect in an attempt to
clear amyloid.

Materials and Methods

Transgenic mice. All animal procedures were
reviewed and approved by the University
Committee on Animal Resources of the Uni-
versity of Rochester Medical Center for com-
pliance with federal regulations before the
initiation of the study. Two lines of transgenic
mice were used in the present study. The con-
struction and characterization of the IL-13*AT
mice on a C57BL/6 background has been de-
scribed previously (Shaftel et al., 2007a,b). The
3xTgAD mice (Oddo et al., 2003) express mu-
tated human APP, PS1, and TAU genes under
the control of the Thyl.2 regulatory element
and develop plaques and tangles later in life.
The 3xTgAD mice were bred to IL-18*AT
mice, and 15-month-old progeny were used
for this study with littermate controls.
FIV-Cre. The construction and packaging of
the feline immunodeficiency virus (FIV) has
been described previously (Lai et al., 2006).
Briefly, the FIV-Cre virus encodes a modified
version of Cre recombinase with a nuclear lo-

<«

unpaired Student's t test, **p << 0.01; n = 3—4 per group.
Representative confocal micrographs of the ipsilateral and
contralateral subiculum immunostained with the microglial
marker Iba1 (F) and the astrocytic marker GFAP (G) are shown.
Scale bars, 30 wm. H, Representative photomicrographs from
16-month-old 3xTgAD/IL-1B8*" mice immunostained with
an antibody against V5, a viral epitope tag present in the in-
jected FIV—Cre construct. Scale bars, 200 m. I, Representa-
tive high-power photomicrograph from the same experiment
demonstrating the presence of V5 in the nucleus of a GFAP-
positive astrocyte in the ipsilateral but not the contralateral
subiculum. Scale bars, 10 um.
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Figure 2.  Sustained IL-183 expression ameliorates amyloid load in 3xTgAD/IL-18*A" mice. A, Representative photomicro-

graphs of contralateral and ipsilateral subicular sections from 3xTgAD and 3xTgAD/IL-18**" mice immunostained with the anti-
amyloid antibody 6E10 at 16 and 18 months. Scale bars, 100 m. B, Quantification of 6E10 immunopositive amyloid plaque area
fraction in the ipsilateral and contralateral subiculum of 3xTgAD and 3xTgAD/IL-1B**" mice at 16 and 18 months. Data are
represented as the mean 1/C ratio == SEM for each group and was analyzed by a two-way ANOVA with Bonferroni’s post hoc test;
n = 3-5 mice per group. (-G, ELISA results obtained from whole ipsilateral and/or contralateral hippocampi of 3xTgAD and
3xTgAD/IL-18™" mice at 16 months. Mean I/C ratios = SEM of A3, and A3, in the guanidinium-HCI (Insoluble) fraction (C, D),
Tper (Soluble) fraction (F, G), and Oligomeric AS in the soluble fraction (E) are shown. In all measures, 3xTgAD/IL-13*"" mice
demonstrated a lower amyloid load in the ipsilateral subiculum/hippocampus at 16 and 18 months compared with 3xTgAD
controls; n = 3—9 mice per group. Data were analyzed with unpaired Student’s ¢ tests; **p << 0.01, ***p << 0.0001.

calization signal and a V5 epitope tag under the control of a cytomega-
lovirus promoter. FIV—-Cre was packaged to a final titer of ~1 X 107 viral
particles/ml.

Stereotactic activation of the IL-1p transgene. Mice were anesthetized
with 1.75% isoflurane in 30% oxygen and 70% nitrogen and secured in a
David Kopf Instruments stereotactic apparatus using ear bars. The scalp
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was thoroughly rubbed with betadine. An inci-
sion was made on the top of the skull, a 0.5 mm
burr hole was drilled in the skull at 2.0 mm
horizontal from lambda, and a 33 gauge needle
connected to a 10 ul syringe preloaded with
virus was lowered 1.25 mm from the brain sur-
face over 2 min. A Micro-1 microsyringe pump
controller (World Precision Instruments) was
used to inject 1.5 pl of virus at a constant rate
over 10 min. After a 5 min viral diffusion
(~1.5 X 10*infectious viral particles), the nee-
dle was raised slowly over 2 min, the burr hole
was sealed with Ethicon bone wax, and soft tis-
sues were sutured using 6-0 Dermalon. For this
study, all mice received a unilateral injection of
FIV—Cre in the subiculum to control for viral
transduction. For the 16 month time point, a
total of 34 (17 3xTgAD and 17 3xTgAD/IL-
18*T) animals were injected (eight males and
nine females in each group). For the 18 month
time point, a total of 16 animals (eight 3xTgAD
and eight 3xTgAD/IL-18*4T) were injected
(four males and four females in each group).
Immunohistochemistry. Mice were deeply
anesthetized with a mixture of ketamine (100
mg/kg, i.p.) and xylazine (10 mg/kg, i.p) and
perfused intracardially with 0.15 m PBS con-
taining 0.5% sodium nitrite (w/v) and 2 IU
heparin/ml, followed by 4% ice-cold parafor-
maldehyde (PFA), pH 7.2, in 0.15 m PBS.
Brains were collected, fixed for 2 additional
hours in 4% PFA, pH 7.2, at 4°C, equilibrated
in 30% sucrose in PBS overnight, frozen in cold
isopentane, and stored at —80°C. They were
then cryosectioned into 30 wm sections on a
—25°C freezing stage microtome, and free-
floating sections were stored in a cryopro-
tectant solution until assayed. For most
immunohistochemical protocols, sections
were washed to remove cryoprotectant, incu-
bated in 3% H,0,, washed, blocked with 10%
normal goat serum, and incubated in primary
antibody for 48 h. They were then washed and
incubated with secondary antibody for 2 h at
room temperature and developed with Elite
ABC kit and 3,3-diaminobenzidine (Vector
Laboratories). Sections were mounted, cleared,
and coverslipped in DPX (VWR). For fluores-
cent immunostaining, sections were incubated
with secondary antibodies bound to Alexa/Dy-
light fluorophores (Invitrogen) and cover-
slipped in Prolong gold (Vector Laboratories).
For biotinylated primary antibodies, the sec-
ondary antibody incubation was omitted and
an Alexa fluorophore conjugated to streptavi-
din was used. Congo red staining was per-
formed per kit instructions (Sigma). Primary
and secondary antibody dilutions included the
following: biotinylated 6E10 (Covance) at
1:2000; GFAP (Dako) at 1:2000; Iba-1 (Wako)
at 1:5000; V5 (Novus) at 1:100; CD68 (Serotec)
at 1:1000; AT180 and HT7 (biotinylated)
(Thermo Fisher Scientific) at 1:10; anti-pT205
and pS396 (Invitrogen) at 1:5000; biotinylated

goat anti-rabbit (Vector Laboratories) at 1:2000; goat anti-rat IgG Alexa
Fluor 488 (Invitrogen) at 1:400; goat anti-rabbit IgG Alexa Fluor 647
(Invitrogen) at 1:400; donkey anti-rat IgG Alexa Fluor 594 (Invitrogen)
at 1:400; donkey anti-rabbit IgG Alexa Fluor 488 (Invitrogen) at 1:400;
donkey anti-goat IgG Alexa Fluor 488 (Invitrogen) at 1:400; and strepta-
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vidin conjugated to Alexa Fluor 647 (Invitrogen) at 1:400. Sections were
blocked in 3% normal donkey serum whenever secondary antibodies
prepared in donkeys were used.

Image acquisition and analyses. Photomicrographic images were cap-
tured by a Carl Zeiss Axioplan Ili microscope equipped with a SPOT
camera (Advanced Diagnostics) linked to a SPOT advanced software
running on a 64-bit Microsoft Windows XP computer. For 6E10 histo-
logical analysis, 8-bit grayscale images were captured from sections clos-
est (<360 um) to the injection site using a 5X objective. Subicular
boundaries were defined in NIH Image]J (http://rsb.info.nih.gov/ij/), and
images were converted into binaries, after which area fractions were
determined using a threshold to minimize artifact. Phospho-tau and
total tau stained sections were imaged using a 10X objective and analyzed
similarly. Representative fluorescent images were captured by an Olym-
pus FV1000 confocal microscope using a 40X/100X oil-immersion ob-
jective and analyzed in Fluoview 3.0 software.

The number of Ibal-positive cells overlapping with plaques were
quantified as follows. Sections <120 wm distant from the FIV-Cre in-
jection site were chosen for each animal. A low-resolution photomicro-
graph showing Congo-Red-positive plaques was used as a map of the
subicular area for each section analyzed. Numbers of Ibal/DAPI double-
positive cells in direct contact with each Congophilic plaque =10 um
were counted using a Carl Zeiss Axiolplan IIi microscope under a 40X
dry objective lens by adjusting focus through the z-axis. The number of
Ibal and DAPI double-positive cells associated with each plaque was
recorded in the map, and a mean number of Ibal-positive cells was
calculated for each hemisphere in every section; this was ultimately used
to calculate an ipsilateral/contralateral (I/C) ratio for every section. We
analyzed three sections bearing the subiculum in each animal and de-
rived a mean I/C ratio for every animal that was used in the statistical
comparison of different genotypes.

For quantitative CD68 analysis, subicular sections were coimmunos-
tained with 6E10, Ibal, and DAPI. Plaques =10 wm were imaged with a
40X dry objective on the Carl Zeiss Axioplan IIi attached to a Sensicam
(Cooke Corporation), using Slidebook 5.0 software (Intelligent Imaging
Innovations). Z-stacks were deconvolved, and projection images were
analyzed for area fraction determination in NIH Image]. Briefly, a 500
pixel circular ROI was drawn around the plaque, discarding all pixel
information outside the circle. The merged image within this 500 pixel
ROI was split into individual fluorescent channels and converted into
individual 8-bit images. Images were then thresholded to minimize arti-
fact and area fractions calculated. Six to seven plaques were analyzed per
hemisphere. In some animals, ipsilateral hemispheres had less than six
plaques, in which case all plaques present were analyzed. A minimum of
two subicular sections were analyzed per animal. Mean area fraction
values for CD68/6E10 and CD68/Ibal per hemisphere were used to cal-
culate a I/C ratio/section.

Final images and layout were created using Adobe Photoshop CS5 and
Adobe Illustrator CS5 (Adobe Systems).

ELISA and Western blots. Mice were deeply anesthetized with a mixture
of ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), perfused
intracardially with 0.15 M PBS containing 0.5% sodium nitrite (w/v) and
2 IU heparin/ml. Hippocampi were quickly dissected, frozen in isopen-
tane, and stored at —80°C until additional processing. Hippocampi were
homogenized in Tper (50 mg/ml; Thermo Fisher Scientific) with pro-
tease and phosphatase inhibitor cocktails (Calbiochem), vortexed, and
sonicated. A peptide concentrations were determined per kit instruc-
tions (Invitrogen). Briefly, lysates were centrifuged at 100,000 X gfor 1 h
to separate monomeric and oligomeric forms of AB from the larger,
fibrillar deposits, which remain in the pellet. The supernatant was care-
fully collected and stored at —80°C. This was analyzed as the soluble
fraction, bearing both monomeric and oligomeric forms of AB. The
pellet, bearing insoluble, fibrillar AB, was extracted in guanidinium-HCI,
pH 8.0 (150 mg/ml), and centrifuged at 100,000 X g for 1 h. The super-
natant was stored in —80°C to be analyzed as the insoluble fraction.
Soluble samples were diluted 1:5 in kit buffer for ELISA. Insoluble sam-
ples were diluted 1:200 in kit buffer. For analyzing A oligomers, the
soluble fraction was diluted 1:1 in kit buffer. All dilutions were estab-
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Figure 3.  Sustained IL-13 expression does not alter expression of APP or its processing in
3xTgAD/IL-18*" mice. Homogenates from ipsilateral and contralateral hippocampi of 16-
month-old 3xTgAD and 3xTgAD/IL-18*A" mice were subjected to Western blot analysis with
markers of APP expression and processing. Group means were not significantly different overall.
A, Representative Western blot images of contralateral (C) and ipsilateral (I) hippocampi of
3XTgAD and 3xTgAD/IL-13*A" mice probed with antibodies against APP, BACE, B-CTF, and
tubulin at 16 months. Molecular weights are expressed in kilodaltons. Mean I/Cratio %= SEM of
relative band intensities per group (normalized to tubulin band intensities) is shown for APP
(B), BACE (), and B-CTF (D); n = 3—9 mice per group.

lished empirically. Mouse IL-13 (mIL-1f3) levels were determined per kit
instructions (R&D Systems) using hippocampal lysates in Tper.

For Western blot, hippocampal lysates were diluted in 2X sample
buffer (125 mwm Tris-HCI, 4% SDS, and 20% glycerol), and protein con-
centration was determined by a BCA assay (Thermo Fisher Scientific).
Protein (12 ug/lane for most blots) was electrophoresed on a Tris-HCI
polyacrylamide gel and transferred to a nitrocellulose membrane (Bio-
Rad) for 90 min at 4°C. After 1 h in Western blocking reagent (Roche
Diagnostics), membranes were incubated overnight with primary anti-
bodies. After rinsing, blots were incubated with peroxidase-linked sec-
ondary antibodies (provided in Supersignal West Dura Kit; Thermo
Fisher Scientific) and treated with the ECL substrate included in the kit,
and bands were visualized using either Biomax XAR film or imaged using
the Image Station 440 CF (Eastman Kodak). List of primary antibodies
used included the following: APP (clone 6E10; Millipore Bioscience
Research Reagents) at 1:10,000; Tubulin (Calbiochem) at 1:5000;
B-secretase activity of the B-site APP-cleaving enzyme (BACE) (Cell Sig-
naling Technology) at 1:1000; 3-C-terminal fragment (3-CTF) (Sigma-
Aldrich) at 1:1000; Anti-Tau (Dako) at 1:10,000; AT180 (Thermo Fisher
Scientific) 1:100; pT205 (Invitrogen) at 1:1000; PHF1 (gift from Dr. Peter
Davies) at 1:100; and phospho-Ser9 GSK3B, GSK38, phospho-
p38MAPK, and p38MAPK (Cell Signaling Technology) at 1:1000.

Statistics. All Statistical comparisons were performed using Prism 5.0
(GraphPad Software). p = 0.05 was considered significant. Student’s ¢
test was used when two group means were compared. Results in which
more than two group means were compared were analyzed with one-way
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or two-way ANOVA depending on the number of parameters. A Bonfer-
roni’s/Tukey’s post hoc test was used to establish significance between
individual groups in such instances.

Results

3xTgAD/IL-1B**" mice display a robust neuroinflammatory
phenotype after hIL-1f3 transgene activation

The IL-18**"T mouse is a somatic mosaic model of inducible
chronic IL-1B overexpression in the CNS, which makes use of an
excisionally activated transgene (XAT) cassette to achieve gene
expression (Shaftel et al., 2007a,b). The hIL-1f construct engi-
neered into IL-18™*T mice consists of the sequence for mature
hIL-1B with the 5’ signal sequence of IL-1RA for direct secretion
without caspase-1-dependent processing (Shaftel etal., 2007b). A
stop signal flanked by LoxP sites lying upstream of the hIL-13
gene holds transgene expression in check in these mice. After
delivery of Cre recombinase, the stop signal is excised out and
transgene expression starts locally under the control of a murine
GFAP promoter (Fig. 1A). To deliver Cre, we use an infection-
competent, replication-incompetent FIV vector. This model en-
ables us to exercise both spatial and temporal control over the
expression of the IL-1f transgene. IL-18*" mice were bred to
the triple transgenic AD mice (3xTgAD) that harbor three muta-
tions in APP, PS1, and TAU genes and consequently develop
plaques and tangles in their brain as they age (Oddo et al., 2003).
Extracellular plaque pathology is established in the 3xTgAD mice
by 15 months of age (Mastrangelo and Bowers, 2008). Therefore,
15-month-old 3xTgAD/IL-18**" mice and littermate 3xTgAD
controls were used for this study. All animals received a unilateral
stereotactic injection of FIV—Cre in the right subiculum regard-
less of genotype, which controls for inflammation arising from
the surgery and viral transduction. Furthermore, having an intact
contralateral hemisphere in every animal provides an internal
control. We chose to overexpress IL-18 in the subiculum because
it is one of the first areas affected in AD and, in the 3xTgAD mice,
plaque deposition starts in the subiculum before the hippocam-
pus (Mastrangelo and Bowers, 2008). Brains were analyzed after 1
and 3 months of IL-183 overexpression (at 16 and 18 months of
age) for amyloid and tau pathology, as well as markers of glial
activation and neuroinflammation (Fig. 1B). Previously, we re-
ported a persistent increase of murine IL-13 mRNA in the IL-
18**T mice up to 12 months from the date of transgene
activation (Shaftel etal., 2007b). At 16 months of age (1 month of
transgene expression), we detected robust expression of mIL-1[3
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(Figure legend continued.) 16 months (B) and 18 months (€) compared with their 3xTgAD
counterparts (A) in the ipsilateral subiculum. Scale bars, 30 um. On quantification, 3xTgAD/IL-
18T mice demonstrate approximately fourfold more plaque-associated microglia at 16
months and ~6.5-fold more plaque associated microglia at 18 months in the ipsilateral subic-
ulum compared with their 3xTgAD counterpart at 16 months (D). Data are shown as mean |/C
ratio == SEM of Iba1-positive cells per plaque; n = 3—4 mice per group. Data were analyzed
with one-way ANOVA, followed by a Bonferroni’s post hoc test; **p << 0.01. Quantitative results
are shown for contralateral and ipsilateral hemispheres of 16-month-old 3xTgAD/IL-18*A"
mice brain sections stained with 6E10 (amyloid plaques), (D68 (activated microglia), Iba (mi-
croglia), and DAPI (nuclei). The ipsilateral subiculum demonstrates a 4.6-fold increase in (D68
area when normalized to plaque area (E). Data were expressed as mean (D68/6E10 area Frac-
tion within a 500 pixel diameter around the plaques = SEM for contralateral (C) and ipsilateral
(1) subiculum. Analyzed by a paired Student's ¢ test, ***p << 0.001; n = 4 mice. The ipsilateral
subiculum also demonstratesa 3.5-fold increase in (D68 area when normalized to Iba1 area (F).
Data were expressed as mean (D68/Iba1 area fraction within a 500 pixel diameter around the
plaques == SEM for contralateral (C) and ipsilateral (I) subiculum. Analyzed by a paired Stu-
dent's t test, *p << 0.05; n = 4 mice. G, Representative confocal micrographs from the experi-
ment are shown. Scale bars, 20 um.
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in the ipsilateral hippocampus (919.2 *= 84.0 pg/mg protein)
compared with the contralateral hippocampus (114.4 * 13.8
pg/mg protein) in the 3xTgAD/IL-18™*" mice by ELISA mea-
surements (Fig. 1C). The levels of mIL-18 observed in the ipsi-
lateral hippocampus of 3xTgAD/IL-18**T mice was also
significantly more compared with the ipsilateral hippocampus of
3xTgAD mice (116.7 * 17.1 pg/mg protein) (one-way ANOVA
test with Tukey’s post hoc test, F(5 5, = 46.42, p < 0.0001, n = 3-9
per group). We thus clearly show a ~8.3-fold increase in mIL-13
at the site of transgene activation, without any effect of stereotac-
tic surgery on mIL-1f3 expression. As additional evidence of sus-
tained neuroinflammation, we found approximately twofold to
threefold greater activation of microglia and astrocytes in via Ibal
and GFAP immunostaining in the ipsilateral subiculum of
3xTgAD/IL-1B**" mice compared with 3xTgAD mice (Fig. 1D~
G). Neuroinflammation and gliosis persisted at 18 months of age
(3 months of transgene expression) in the ipsilateral 3xTgAD/IL-
18*AT subiculum (data not shown). We further investigated the
spread of the FIV—Cre construct near the injection site by staining
for V5, a viral epitope tag present in the construct. We could only
detect V5-positive cells in the ipsilateral hemisphere near the
injection site in the 3xTgAD/IL-18**" subiculum at 16 months
(Fig. 1H ). Coimmunostaining with GFAP and DAPI showed the
presence of the V5 tag in the nuclei of astrocytes only in the
ipsilateral 3xTgAD/IL-18*" subiculum in high-power photo-
micrographs (Fig. 1I) as expected. To quantify the number of
FIV—Cre-positive cells in the ipsilateral hemisphere, we used
8-month-old IL-18**" mice who received an unilateral injection
of FIV—Cre in the dentate gyrus of the hippocampus. After 1
month of transgene activation, we could find an average of six to
seven V5-positive cells in the ipsilateral dentate. The contralateral
dentate gyrus was consistently devoid of any cellular V5 staining
(n = 3). Thus, we demonstrated that viral transduction did not
spillover to the contralateral hemisphere in our model of unilat-
eral activation of the IL-18 transgene.

Reduced amyloid load in 3xTgAD/IL-1 **" mice after 1 and
3 months of transgene expression

We examined A deposition in 3xTgAD/IL-18**" and 3xTgAD
mice after 1 and 3 months of transgene expression, respectively.
At both time points, 6E10 immunopositive plaques were signifi-
cantly reduced in the ipsilateral subiculum in 3xTgAD/IL-13*4"
mice (Fig. 2 A, B). The ratios between ipsilateral and contralateral
measures declined sharply in the 3xTgAD/IL-18**" mice
(0.35 = 0.13 at 16 months and 0.27 = 0.03 at 18 months) versus
3xTgAD mice (1.31 % 0.21 at 16 months and 0.99 = 0.06 at 18
months). Two-way ANOVA using genotype and time as param-
eters showed a highly significant effect of genotype (i.e., presence
or absence of the IL-1f3 gene) on the I/C ratio (F(, oy = 31.03,p =
0.0003, n = 3-5 mice per group). The effect of transgene expres-
sion duration on the I/C ratios was not significant (F, o) = 1.78,
p = 0.2152, n = 3-5 mice per group). To further validate the
immunohistochemical data, we measured levels of different A3
isoforms by performing ELISA on soluble and insoluble fractions
of hippocampal homogenates derived from 16-month-old 3xT-
gAD and 3xTgAD/IL-1B**" mice. We found a ~50% reduction
in insoluble AB,, (I/C ratio = 0.46 = 0.02 for 3xTgAD/IL-18*4T
mice vs 1.00 = 0.03 for 3xTgAD mice) and AB,, (I/C ratio =
0.56 = 0.02 for 3xTgAD/IL-1B™*" mice vs 1.00 = 0.02 for 3xT-
gAD mice) (Fig. 2C,D). To investigate the role of sustained IL-13
overexpression on A3 oligomers, we also measured levels of sol-
uble A aggregates or oligomers in hippocampal homogenates.
We observed a decrease in A oligomers in the ipsilateral hip-
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Sustained overexpression of IL-13 leads to enhanced tau phosphorylation in 16-month-old 3xTgAD/IL-18

—

AT mice.

Sections of the subiculum—CAT junction of 16-month-old 3xTgAD and 3xTgAD/IL-18**" brains were probed with antibodies
against phospho-tau and total tau. Representative images of section stained with phospho-tau antibodies pT205 () and AT180

(B) show increased immunostaining in the ipsilateral hemispheres of 3xTgAD/IL-18

XAT

mice. HT7 immunostaining (C) failed to

show any difference between the ipsilateral and contralateral hemispheres of either genotype. Scale bars, 100 wm. Insets show
sections from the images as marked in the first panel of A magnified 2 < digitally. Inmunopositive area fractions were quantified
in the entire field visualized (D, F, H) or in the stratum radiatum (E, G, /). All numerical data are represented as mean I/C ratio =
SEM per group. 3xTgAD/IL-13*A" mice demonstrate an approximate twofold increase in pT205 immunostaining (D, E) and an
approximate fourfold increase in AT180 immunostaining (F, G) but not in HT7 immunostaining (H, /) in the ipsilateral subiculum;
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pocampus in the 3xTgAD/IL-18™*" mice
(I/C ratio = 0.67 * 0.05 for 3xTgAD/IL-
18™4T mice vs 1.09 = 0.09 or 3xTgAD
mice; Fig. 2E). We also observed signifi-
cant reductions of AB,, and AB,, in the
soluble fractions of the hippocampal ly-
sates (Fig. 2F,G).

Evidence of increased association and
activation of microglia around amyloid
plaques in 3xTgAD/IL-1B**" mice

We reasoned that the observed reduction
in amyloid load in this model might be
attributable to reduced deposition of AB
or its enhanced clearance and tested both.
When tested in vivo in our model, immu-
noblots against full-length transgenic hu-
man APP failed to show any difference
between 3xTgAD control and 3xTgAD/
IL-18**" hippocampi (Fig. 3A, B), indi-
cating that basal levels of APP expression
are unaltered in both genotypes. BACE
levels were also unchanged between the
control and 3xTgAD/IL-18**" groups
(Fig. 3A,C) as well as 3-CTF (Fig. 3A,D),
which suggests that gamma secretase ac-
tivity is not significantly different in the
3xTgAD/IL-18**T mice from control
mice.

Next, we investigated whether the re-
duced amyloid burden reflected an en-
hanced clearance of amyloid. We and
others have reported a role of plaque-
associated microglia in amyloid clearance
in the past (Malm et al., 2005; Simard et
al., 2006; Shaftel et al., 2007b). To analyze
plaque-associated microglia, we per-
formed confocal analysis of sections
stained with Congo Red for fibrillar AB
plaques, Iba-1 for microglia, and Hoechst
as a nuclear stain. Ipsilateral subiculum
showed markedly greater staining intensity
for Iba-1 around Congo-Red-positive
plaques in the 3xTgAD/IL-18**" animals
(Fig. 4A—C). Counts of plaque-associated
microglia showed 4.6 and 6.6 times more
plaque-associated microglia in the ipsilat-
eral subiculum of 3xTgAD/IL-18**" mice

<«

n = 4—6 mice per group; data were analyzed with an un-
paired Student's ¢ test. Lysates from ipsilateral (i) and con-
tralateral (c) hippocampi of 16-month-old 3xTgAD and
3XTgAD/IL-18"T mice were subjected to Western blot analy-
sis with antibodies against phospho-tau and total tau. Repre-
sentative images of Western blots with pT205, AT180, and
PHF1, as well as total tau are shown (J). Molecular weights are
expressed in kilodaltons. 3xTgAD/IL-18*" mice demonstrate
an approximate twofold increase in tau phosphorylation at
pT205 (K), AT180 (L), and PHF1 (M) epitopes. All band inten-
sities were normalized to total tau; n = 3—9 mice per group.
Data were analyzed with unpaired Student’s t tests; *p =<
0.05,**p < 0.01, ***p < 0.007.
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compared with control mice after 1 and 3 months of IL-13 overex-
pression by one-way ANOVA (F, ;) = 21.27, p = 0.0011 at 16 and
18 months, respectively; Fig. 4D). Only Ibal immunopositive mi-
croglial cells whose nuclei were in direct contact with plaques were
counted in this analysis.

We then sought to investigate whether the plaque-associated
microglia were more activated in the ipsilateral subiculum of the
3xTgAD/IL-1B**" mice compared with the contralateral subic-
ulum. To this end, we stained sections of the 16-month-old
3xTgAD/IL-18™*T brain with 6E10, CD68, a marker of micro-
glial activation, Ibal, and Hoechst. The ipsilateral subiculum,
along with greater intensity of Ibal, also showed a greater extent
of immunostaining for CD68 around the 6E10-positive amyloid
plaques (Fig. 4G). After calculating the area fraction occupied by
CD68 in the vicinity of amyloid plaques and normalizing it to
either 6E10 area fraction (Fig. 4E) or Ibal area fraction (Fig. 4F),
we found an approximately fourfold increased presence of CD68
in plaque-associated microglia in the ipsilateral 3xTgAD/IL-
1B8*4T subiculum. This indicates that the plaque-associated mi-
croglia are more activated in the ipsilateral than the contralateral
subiculum and consequently suggests that they might be better
phagocytes of amyloid.

Sustained IL-1 overexpression exacerbates tau pathology
after 1 and 3 months of transgene expression in 3xTgAD/
IL-1B8*" mice

To characterize the effect of IL-13 overexpression on tau pathol-
ogy, we performed immunostaining on sections nearest to the
FIV-Cre injection site after 1 and 3 months of IL-13 overexpres-
sion (at 16 and 18 months of age). At 16 months, we observed a 2-
to 2.5-fold increase in immunoreactivity at pT205 (part of the
ATS epitope) in the CA1 neurons and the stratum radiatum im-
mediately adjacent to the ipsilateral subiculum in the 3xTgAD/
IL-1B8™*T mice. In contrast, control 3xTgAD mice did not show
any significant difference in immunoreactivity in these areas be-
tween the contralateral and the ipsilateral hemispheres (Fig.
5A,D,E). Very similar results were seen with AT180; the increase
in immunoreactivity in the ipsilateral CA1 fields and stratum
radiatum was 4.3- and 4.0-fold more than the contralateral coun-
terparts (Fig. 5B, F,G). In contrast, total human transgenic tau as
detected by the HT7 antibody was not significantly different be-
tween ipsilateral and contralateral hemispheres in any genotype,
suggesting that IL-13 overexpression did not alter the expression
of the human tau transgene, despite changes in phosphorylation
(Fig. 5C,H,I). To further validate the immunohistology data, we
analyzed ipsilateral and contralateral hippocampi from 16-
month-old 3xTgAD and 3xTgAD/IL-18**" mice with Western
blot. We detected twofold to threefold increases in pT205,
AT180, and PHF1 phospho-epitopes in the ipsilateral hemi-
sphere of 3xTgAD/IL-18**" but not in control 3xTgAD mice.
We did not find any changes in the levels of total tau (Fig. 5/-M ).
In 18-month-old animals, pS396 immunoreactivity (part of the
PHEF-1 epitope) similarly increased 2.5-fold in the CA1 neurons
and their processes adjacent to the ipsilateral subiculum in
3xTgAD/IL-18™*" animals but not control 3xTgAD animals
(Fig. 6 A, C). Again, quantification of HT7 immunoreactivity did
not reveal any changes between ipsilateral and contralateral
hemispheres of either genotype (Fig. 6 B,D).

Evidence of increased GSK3f3 and p38MAPK activity in
3xTgAD/IL-1B8**" mice

Once we obtained clear evidence of enhanced tau phosphoryla-
tion in the 3xTgAD/IL-18™*" mice, we set out to investigate
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Figure 6.  Sustained overexpression of IL-1(3 leads to enhanced tau phosphorylation in 18-

month-old 3xTgAD/IL-18*" mice. Sections of the subiculum—CA1 junction of 18-month-old
3XTgAD and 3xTgAD/IL-18**" brains were probed with antibodies against phospho-tau and
total tau. Representative images of section stained with the phospho-tau antibody pS396 (4)
show increased immunostaining in the ipsilateral hemispheres of the 3xTgAD/IL-18**" mice.
HT7 immunostaining (B) failed to show any difference between the psilateral and contralateral
hemispheres of either genotype. Scale bars, 100 m. Insets show sections from the images as
marked in the first of Fig. 54 magnified 2 X digitally. C, D, Imnmunopositive area fractions were
quantified in the entire field visualized. 3xTgAD/IL-18*" mice demonstrate a an approximate
twofold to threefold increase in pS396 immunostaining (€) but notin HT7 immunostaining (D).
Numerical data are represented as mean |/C ratio == SEM per group; n = 4 — 6 mice per group.
Data were analyzed with an unpaired Student’s ¢ test; **p << 0.01.

kinases that might be involved. Both GSK3 and p38MAPK have
been studied for their ability to phosphorylate tau (Chun and
Johnson, 2007). By Western blot analysis, we found significantly
reduced phosphorylation of the Ser9 epitope of GSK38, an im-
portant inhibitor of GSK3p activity (Dajani et al., 2001), in the
ipsilateral 3xTgAD/IL-18**" hippocampus after 1 month of
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Figure 7.  Sustained overexpression of IL-103 leads to activation of kinase pathways in

16-month-old 3xTgAD/IL-18*AT mice. Lysates from ipsilateral and contralateral hip-
pocampi of 16-month-old 3xTgAD and 3xTgAD/IL-13** mice were subjected to Western
blot analysis with markers of kinase activation. Representative image of Western blots (4)
and densitometric quantification of the band intensities (B, €) demonstrated a decrease in
pS9GSK3 3 in the ipsilateral hippocampus of the 3xTgAD/IL-18**T mice suggesting an
increase in the activity of GSK33 and an increase in phospho-p38MAPK suggesting en-
hanced activity of p38MAPK, but the steady-state levels of both enzymes were not
changed between groups. Molecular weights are expressed in kilodaltons. Band intensi-
ties of phospho-epitopes were normalized to the steady-state levels of GSK33 and
p38MAPK, respectively. Numerical data are represented as mean |/C ratio == SEM per
group; n = 3-9 per group. Data were analyzed with unpaired Student's t tests; *p = 0.05,
**¥p < 0.001.

transgene expression (at 16 months of age; Fig. 7A, B). We also
found evidence of increased phospho-p38 in the ipsilateral hip-
pocampus of 16-month-old 3xTgAD/IL-18**" mice, suggesting
that p38MAPK activity is also elevated in these animals compared
with controls (Fig. 7A,C). The steady-state levels of GSK33 or
p38 remained unaltered between ipsilateral and contralateral
hemispheres across all genotypes.

Discussion

In this study, we present evidence of a differential regulation of
amyloid and tau pathology by neuroinflammation in a mouse
model of AD. After discovery of the association between plaques
and microglia expressing immune markers in the late 1980s
(McGeer et al., 1987; Griffin et al., 1989), a growing body of
research has implicated neuroinflammation as a consistent com-
ponent of AD pathology. As a prominent marker of microglia
surrounding senile plaques, IL-1 was thought to be a major player
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Figure 8.  Proposed role of IL-183 in our model. IL-183 transgene expression acts on the
resident microglia and astrocytes, leading to their activation, which in turn triggers a positive
feedback loop of IL-13 production and neuroinflammation. Microglial activation may aid in
amyloid clearance. The local inflammatory milieu also leads to activation of kinase pathways
that may directly or indirectly result in enhanced tau phosphorylation. Questions for future
investigation are indicated.

in AD neuroinflammation. In vitro, IL-1f3 increases the expres-
sion of APP mRNA (Goldgaber etal., 1989; Gray and Patel, 1993),
its translation (Rogers et al., 1999), and its processing to Af3
(Brugg etal., 1995; Liao et al., 2004). A single injection of recom-
binant IL-1f into rat brain led to increased expression of APP
(Sheng et al., 1996), and IL-1RA knock-out mice were more vul-
nerable to A oligomers (Craft et al., 2005). Based on these ob-
servations, a “cytokine cycle” was proposed, which implicates
IL-1p as one of the major, if not causative, early event in amy-
loidogenesis. However, many of these studies were performed in
vitro, mimicked an acute upsurge of IL-1f3, or gave indirect evi-
dence of the involvement of IL-1 signaling in AD pathogenesis. In
AD, the increase of IL-1 is likely chronic and develops over a
period of months and years, in which case, the role played by
IL-18 might not be accurately understood from these previous
studies. Our laboratory developed the first animal model of con-
ditional overexpression of IL-1f to address the issue directly.
Surprisingly, IL-18™*T mice crossed with the APP/PS-1 mouse
model of AD demonstrated reduced amyloid pathology after
transgene activation at multiple time points and without appar-
ent neuronal loss (Shaftel et al., 2007b; Matousek et al., 2012). We
report a similar reduction of amyloid deposition with immuno-
histochemical and biochemical methods in the current study.
The toxicity of AB oligomers has been studied across multiple
systems and models (Larson and Lesné, 2012), and we report a
reduction in oligomers in our model. The 3xTgAD/IL-15**"
mice did not show any changes in basal levels of APP and BACE
expression or levels of APP B-CTFs, which is indicative of unal-
tered secretase activity.

Our observation of a fourfold to sixfold increase in plaque-
associated microglia in the subiculum of the 3xTgAD/IL-18*4"
mice is consistent with previous observations in IL-18**" mice
crossed with APP/PS-1 mice (Shaftel et al., 2007b; Matousek et
al., 2012). The increased overlap of microglia and plaques sug-
gests that the decrease of AB observed in our model is a result of
increased clearance by microglia, which is also supported by our
observation of increased CD68 in plaque-associated microglia.
Microglia, the primary immune effector cells of the brain, can
phagocytose AB in vitro and in vivo (Fu et al., 2012; Liu et al,,
2012). Several investigators have reported reduction of A along
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with concomitant increases in microglial activation after modu-
lation of innate immunity in vivo. For example, intracranial lipo-
polysaccharide (LPS) administration in mouse models of AD led
to a reduction in amyloid pathology (DiCarlo et al., 2001; Herber
etal., 2004), an effect shown to depend on microglial clearance of
AB (Herber et al., 2007). Fractalkine receptor (CX3CR1) gene
deletion, which alters the pattern of microglial activation mark-
ers, was associated with reduced fibrillar amyloid in APP/PS1
mice (Lee et al., 2010b). Interestingly, CX3CRI /" animals also
demonstrated an increase in IL-1 levels. It has been proposed
that accumulation of AB plaques results from decreased clear-
ance by dysfunctional microglia (Hickman et al., 2008) and that
microglial-mediated A clearance depends on their activation
phenotype (Colton, 2009). Studies are underway in our labora-
tory to establish the specific phenotype of plaque-associated mi-
croglia in different murine models of AD overexpressing IL-1f3.

The second major finding reported in this study is the exacer-
bation of tau pathology, demonstrated by elevated phospho-tau
at multiple AD-relevant epitopes in 3xTgAD/IL-18"*" mice. We
therefore present evidence of a possible causative role for IL-18-
associated neuroinflammation on tau pathology. Although there
have been many confounds over the nature of the relationship
between amyloid and IL-1p, all evidence linking IL-18 or neuro-
inflammation to tau pathology have pointed toward a deleterious
relationship. For example, IL-1 was shown to increase tau
phosphorylation in vitro using neuronal-microglial coculture
experiments (Li et al., 2003), and rat brains impregnated with
slow-release IL-1 pellets showed increased tau phosphorylation
(Sheng et al., 2000). Moreover, parenchymal LPS injections
worsened tau pathology in a transgenic murine model of
forebrain-specific P301L tau overexpression (Lee et al., 2010a)
and led to exacerbated tau pathology in 3xTgAD mice (Kitazawa
etal., 2005). Ablation of CX3CR1 in mice and resulting increases
in microglial activation were associated with exacerbated tau pa-
thology in hTau mice (Bhaskar et al., 2010). Finally, a recent
study found attenuated tau pathology after administration of an
antibody against IL-1R (Kitazawa et al., 2011). However, because
the antibody was administered systemically, the influence of pe-
ripheral effects on study outcome cannot be ruled out. In light of
such data, our hypothesis was that IL-13-driven neuroinflamma-
tion would exacerbate tau pathology, and our results are consis-
tent with this idea.

We also found evidence of increased GSK33 and p38MAPK
activity with sustained IL-18 expression in 3xTgAD mice. An
increase in phospho-p38 (Thr180/Tyr182) was observed in the
hippocampi of 3xTgAD/IL-18™*T mice, suggesting increased
P38MAPK activity. The association of p38MAPK with tau phos-
phorylation under an inflammatory stimulus has been studied in
vitro and in vivo (Sheng et al., 2001; Li et al., 2003). IL-1 signaling
can itself upregulate p38MAPK activity (Allan et al., 2005), which
can phosphorylate tau (Sheng et al., 2000). We also observed a
decrease in the phospho-Ser9 epitope of GSK3p, which is indic-
ative of increased GSK3 S activity. GSK3 8 has been widely studied
as a prominent tau kinase in vivo. GSK3 colocalizes with neu-
rons bearing neurofibrillary tangles in transgenic mice (Ishizawa
et al., 2003), and a regulated model of GSK3 overexpression
demonstrated tau hyper-phosphorylation, somatodendritic mis-
localization of tau, neurodegeneration, and gliosis (Lucas et al.,
2001). Moreover, bigenic mice overexpressing both GSK38 and
P301L tau conditionally show reversible AD-type pathology (En-
gel etal., 2006a), and treating these animals with lithium, a GSK3
inhibitor, reverted all tau pathology except mature tangles (Engel
etal.,2006b). There is indirect evidence in the literature about the
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ability of IL-1 to regulate GSK-3 3 activity, either through activat-
ing the PI3K—Akt pathway in neurons or through disruption of
the B-catenin pathway (Shaw et al., 1997; Auron, 1998; Davis et
al., 2006; Peineau et al., 2007; Kitazawa et al., 2011; Ma et al.,
2011). However, the precise signaling pathways that link IL-18 to
tau pathology and the specific cell types they are activated in
3xTgAD/IL-1B**" mice cannot be determined without conduct-
ing additional mechanistic studies.

We report a differential regulation of the key pathological
features of AD by IL-1B. IL-1B-mediated microglial activation
appears to have an adaptive role with respect to amyloid, but
along with activation of pathways that likely clear amyloid, it
upregulates multiple kinase pathways that lead to exacerbated tau
pathology seen in our model (Fig. 8). Whether this is a direct
effect of IL-18 on neurons is unknown. In addition, although we
have focused on microglia, activated astrocytes and other cell
types may also play a role in influencing AD pathology in our
model. As already discussed, the reduction of AB pathology and
aggravation of tau pathology after manipulation of innate immu-
nity has been reported previously in different models overex-
pressing either amyloid or tau. However, we report amyloid and
tau pathology being influenced in an opposing manner by CNS-
specific sustained overexpression of IL-1f in a mouse model that
captures both these pathological features. There is robust genetic
and molecular evidence indicating that amyloid pathology lies
upstream of tau pathology in AD, which is the basic assumption
on which the amyloid hypothesis stands (Hardy and Selkoe, 2002;
Selkoe, 2011). However, an important question remains whether
resolution of amyloid pathology alone is enough to reduce tau
pathology and influence disease outcome. Our results indicate
that removal of amyloid via activation of innate immunity might
not be sufficient to mitigate overall disease pathology and might
even aggravate it. In a follow-up study of the phase 1 trial of
ANI792, in which subjects with AD were inoculated with AB,_,,
and QS21 adjuvant, brains of all examined patients showed ad-
vanced Braak stages of tau pathology (V and VI) despite near total
removal of plaques (Holmes et al., 2008). Importantly, none of
the patients showed any improvement in disease progression.

In summary, the ability of IL-1-driven neuroinflammation to
mediate opposite effects on amyloid load and tau phosphoryla-
tion becomes critically important in light of recent endeavors
toward developing therapies targeting A3 isoforms through acti-
vation of innate immunity or FcR-mediated microglial clearance.
Countless studies have established tau toxicity as an inherent part
of AD pathology, so any effect that therapies targeting A3 might
exert on tau needs to be addressed cautiously.
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